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Abstract 
This study aims to investigate the detailed thermal environments in apartments of Surabaya, Indonesia. Major thermal parameters and air tightness 
were measured in one of the representative units of three types of apartments respectively, under different natural ventilation conditions. The 
results revealed that the unit in the old public apartment showed better thermal environments under naturally ventilated conditions than those in 
the others. Thermal comfort can be achieved during most of the day only in the old public apartment under full-day and night ventilation 
conditions. The air tightness of the unit in the private apartment was relatively high compared to the other units for the use of air-conditioning.  
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the CENTRO CONGRESSI INTERNAZIONALE SRL. 
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1. Introduction
Indonesia has been experiencing high economic growth over the last few decades. Today, the middle-class is predicted to almost
double than the present by 2020 [1]. Since most of the major cities in Indonesia are already densely populated, the demand for 
apartments is expected to increase in the future. Meanwhile, household energy consumption in Indonesia is predicted to increase 
sharply with the rise of middle-class. In the tropical region like Indonesia, the cooling demand was found to have a significant 
contribution to the household energy consumption especially when air-conditioning is used [2]. In Indonesia, the present 
apartments, particularly those for newly emerging middle-class, may not consider the hot-humid climatic conditions in their design 
on the premise of using air-conditioning. Thus, there is a concern that if these highly energy-dependent apartments are increased 
in the future, the energy consumption for cooling would be dramatically risen further. In Indonesia, apartments are broadly 
classified into three types: old public apartments, new public apartments and private apartments (see Fig. 1). Air-conditioning is 
normally used only in the private apartments at the moment. This study aims to investigate the detailed thermal environments in 
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these three types of apartments in Surabaya, Indonesia. 
Potential passive cooling strategies for energy-saving in 
the apartments are discussed based on the results of field 
measurement.  
2. Methods
2.1. Description of selected apartments 
Field measurements were carried out in the above 
mentioned three types of apartments from August to 
October 2014 (Fig. 1). Surabaya is the second biggest city 
in Indonesia and has a population of about 3 million. 
Currently, there are approximately 48 housing estates 
consisting of apartments in the city and their number is rapidly rising. In Surabaya, public apartments have been constructed 
particularly from 2000s. In the early stage, most of the public apartments were provided for low-income earners (e.g., for slum 
resettlements). However, since 2008, the government extended the target to wider income groups including low- to mid-income 
earners. These two apartment types, namely ‘old public apartments’ and ‘new public apartments’, are clearly distinguishable as 
shown in Fig. 1ab. In contrast, private apartments emerged from 2005 in the case of Surabaya. They normally target middle- to 
high-income earners. This study focuses especially on the private apartments subsidized by the government for middle-income 
groups (Fig. 1c). We chose one of the typical apartments from these three types for the field measurements, respectively. 
The selected old public apartment is a four storey building with 48 units (Fig. 1a). The measurement was conducted in the south-
facing unit located on the second floor (Fig. 2a). The unit has a standard size of 21m² with a relatively wide well-ventilated corridor 
space of 3.1m width. A multi-functional balcony is placed in between the indoor unit and outdoors. Meanwhile, the new public 
apartment is a five storey building with 96 units (Fig. 1b). The measurement was carried out in the west-facing unit located on the 
top floor (Fig. 2b). The unit size (24m²) is slightly larger but the corridor space is narrower (1.9m width) than those of the old 
public apartment. The corridor space is semi-opened and adjacent to the void space. The balcony is located on the corner of the 
external wall unlike the old public apartment. Basically, both of the public apartments are naturally ventilated. The structure of 
both apartments are of reinforced concrete and concrete block for walls with relatively high thermal capacities. The per-unit thermal 
mass of these apartments was calculated at 2,031 kg/m² for the old public apartment and 1,873 kg/m² for the new public apartment. 
The private apartment is a 19 storey high-rise building comprising 762 units (Fig. 1c). Almost all the units are equipped with 
air-conditioner(s). The measurement was conducted in the west-facing unit located on the eighth floor, with a total floor area of 
31m² (Fig. 1c). The small balcony is only used for placing the outdoor unit of air-conditioners. Unlike the above public apartments, 
the long corridor space is not well-ventilated. Steel construction was used for the main structure while pre-cast concrete and 
lightweight concrete were used for external wall and partition walls, respectively. The per-unit thermal mass was calculated at 
1,100 kg/m² which is 41-46% smaller than those for public apartments.  Thermal insulation was not applied to ceiling/roof and 
walls in all three apartments. 
2.2. Field measurement procedures 
In the field measurements, major thermal parameters including air temperature, relative humidity, air velocity and globe 
temperature were measured at the centres of one or two main rooms (at 1.1m above floor) in the selected units from three 
apartments, respectively (see Fig. 2). Air temperatures in the other spaces including corridor spaces (at 1.1m above floor) were 
also measured. These indoor measurements were carried out in unoccupied units under different natural ventilation conditions (i.e., 
daytime ventilation, night ventilation, full-day ventilation and no ventilation). For the daytime ventilation, windows and all other 
openings were opened from 6:00 to 18:00. In contrast, all of them were opened from 18:00 to 6:00 during the night ventilation 
condition. The measurement for each ventilation condition was conducted for 6-7 days. During the measurements, the outdoor 
thermal conditions were recorded by a weather station located in the measurement site (Fig. 1e). Furthermore, air tightness of the 
rooms was also investigated to examine the efficiency of air-conditioning. A CO΍ concentration decay method was employed for 
Fig. 2. Floor plan of (a) old public apartment, (b) new public apartment and (c) 
private apartment.
Fig.1. View of (a) old public apartment, (b) new public apartment, (c) private apartment, (d) indoor instruments and (e) outdoor weather station. 
• Measurement point 
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this purpose. Firstly, CO΍gas was injected into the closed room until reached a certain concentration level. After reached 2,500-
3,000 ppm and being stabilized, then the CO΍concentration decay was measured at regular time intervals. Since the influence of 
CO΍in the outdoors cannot be neglected, the air change rate was calculated using the following equation [3]: 
( )0( ) ta aC t C C e Cλ−= − + (1) 
where C(t) is the final CO΍ gas concentration (ppm); C0 is the initial concentration of CO΍ gas (ppm); Ca is the outdoor COЇ gas 
concentration (ppm); Ȝ is air change rate (times/hour) and t is time (second). 
3. Results and Discussion
3.1. Indoor thermal environments 
The outdoor air temperature during the field measurements ranged from 22.2-34.6ΣC with an average of 28.3ΣC, while the 
outdoor relative humidity ranged from 22-86%. Daily global horizontal solar radiation recorded at 21.12-27.33 MJ/m² on these 
Fig. 3. Temporal variation of indoor environments during daytime ventilation in (a) old public apartment, (b) new public apartment and (c) private apartment. 
Fig. 4. Temporal variation of indoor environments during night ventilation in (a) old public apartment, (b) new public apartment and (c) private apartment.
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days. The average outdoor wind speeds at the same height of the measured units were 0.7 m/s (old public), 1.4 m/s (new public) 
and 2.1 m/s (private apartment), respectively. Figs. 3-4 show the temporal variations of air temperature, relative humidity, and 
wind speed in different spaces (i.e., master bedroom, corridor and the outdoors) during the daytime ventilation and night ventilation 
in all types of apartments, respectively. The daytime ventilation represents the current practice of most of the occupants. As 
discussed later, the night ventilation and/or the full-day ventilation performed better thermal comfort in all types of apartments. In 
the old public apartment, indoor air temperature was 3.5-4.2°C lower than the corresponding outdoor air temperature during the 
peak hours even when the daytime ventilation was applied (Fig. 3a). In contrast, during the night ventilation, indoor air temperature 
was 4.2-6.9°C lower than the corresponding outdoor air temperature during the peak hours, whereas the nocturnal indoor air 
temperature was approximately 5.0°C higher than the outdoors (Fig. 4a). In the old public apartment, indoor air temperature is very 
stabilized particularly when night ventilation is adopted due to the relatively high thermal mass, which was 2,031 kg/m². In fact, 
although the large corridor space was well ventilated during the daytime as shown in the wind speed measurements (Figs. 3a and 
4a), the corresponding air temperature maintained lower values than the outdoors. The other reason for relatively lower indoor air 
temperature in the old public apartment is the building orientation (south-facing). The indoor space did not receive direct solar 
 
Fig. 5. Indoor air temperature (AT), indoor globe temperature (GT) and outdoor air temperature (Out) in (a) old public apartment, (b) new public apartment 
and (c) private apartment in different natural ventilation conditions. 
Fig. 6. Thermal comfort evaluation using adaptive comfort equation in (a) old public apartment, (b) new public apartment and (c) private apartment. 
 
Table 1. Results of adaptive thermal comfort evaluation under different ventilation conditions. 
Type of apartments Ventilation conditions Deviation of indoor operative temperature and 
80% comfortable limit 
Exceeding 
period 
(%) Daily maximum (ºC) Daily minimum (ºC) 
Old public apartment Full-day ventilation 
Day-time ventilation 
Night ventilation 
No ventilation 
1.0 to 1.5 
1.2 to 1.9 
0.8 to 1.0 
1.7 to 2.1 
-1.2 to -2.3 
-0.5 to -1.5 
-0.9 to -2.3 
0.8 to 1.1 
37 
83 
50 
100 
New public apartment Full-day ventilation 
Day-time ventilation 
Night ventilation 
No ventilation 
12.3 to 15.6 
12.9 to 16.9 
15.0 to 18.6 
9.7 to 18.0 
-1.7 to -3.9 
-1.4 to -2.7 
-1.9 to -3.2 
0.0 to 1.1 
59 
76 
68 
100 
Private apartment Full-day ventilation 
Day-time ventilation 
Night ventilation 
No ventilation 
5.2 to 5.5 
6.3 to 7.3 
3.6 to 5.3 
3.3 to 5.5 
-0.5 to -2.1 
-0.6 to -0.9 
-0.3 to -3.2 
0.0 to 1.0 
75 
95 
63 
100 
Table 2. Measured air change rates in master bedrooms. 
Type of apartment Opening area 
(mϸ) 
Floor area 
(m²) 
Air change rate 
(times/hour) 
Material 
Old public apartment Windows:1.3 
Door: 2.8 
Vents: 0.6 
16.6 1.9 Front window: Two single pane, aluminium window sash; Rear window: 
single pane, aluminium window sash; Door pane: plywood; Door frame: 
aluminium 
New public apartment Window: 0.5 
Door: 1.3 
7.3 1.0-1.7 Window: Two single pane, aluminium window sash, aluminium frame; 
Door pane: plywood; Door frame: aluminium 
Private apartment Window: 0.6 
Door: 1.5 
7.1 0.4-0.7 Window: single pane, aluminium window sash. Door pane: wood; door 
frame: wood 
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radiation during the measurement. Furthermore, the corridor space and balcony played a role as a thermal buffer and a shading 
device to reducing the heat gains. 
In contrast, indoor air temperatures in both the new public and private apartments were higher than the outdoor air temperature 
during most of the hours (Figs. 3bc and 4bc). The sharp peak indoor air temperatures observed during the afternoon were mainly 
due to the building orientation (both units were facing west). The master bedroom received the direct solar radiation through 
windows for about four hours (13:00-17:00) in the new public apartment, while it was about five hours (12:00-17:00) in the private 
apartment. Unlike the old public apartment, the master bedroom of both units did not have a balcony. Moreover, both external and 
internal shading devices were nonexistent in both units because they were unoccupied, except for the new public apartment. In the 
new public apartment, the master bedroom was equipped with an external shading of overhang above the window. However, this 
shading device was not sufficient in shading the master bedroom from the direct solar radiation after 12:00. During the daytime 
ventilation, the nocturnal indoor air temperatures were higher than the corresponding outdoor air temperature compared to those 
of night ventilation conditions. The nocturnal indoor air temperatures during the daytime ventilation were averagely 3.9ºC and 
4.8°C higher than the outdoors in the new public and private apartments, respectively (Fig. 3bc), while those during night 
ventilation were averagely 2.7°C and 3.6°C higher than the outdoors, respectively (Fig. 4bc).  
Meanwhile, air temperatures in the corridors recorded relatively high values in both apartments. In the case of new public 
apartment, the corridor space was semi-opened and therefore the air temperature in the space followed the outdoor temperature 
particularly during the daytime (Fig. 4b). In this circumstance, even if the subject unit does not receive any direct solar radiation, 
the daytime indoor air temperature would not become as low as that in the old public apartment by natural ventilation alone, 
because of the higher air temperature in the corridor space. It is probably important to maintain lower air temperature in the adjacent 
corridor spaces for lowering indoor air temperature through natural ventilation. On the other hand, the corridor space in the private 
apartment was enclosed and therefore the air temperature in the space was quite stable and high (Fig. 4c).  
Fig. 5 presents the statistical summary of indoor air temperature, globe temperatures in the master bedrooms and the 
corresponding outdoor temperatures in the three apartments under the different ventilation conditions. As described above, the 
peak air temperatures and globe temperatures in the new public and private apartments are generally much higher than those in the 
old public apartment mainly due to the intense solar penetration in all the ventilation conditions. Both indoor air temperatures and 
globe temperatures are stable in the case of old public apartment. Among different ventilation conditions, the night ventilation 
and/or the full-day ventilation gave relatively better cooling effects in the three apartments, respectively. In theory, night ventilation 
is supposed to be more effective than the full-day ventilation in reduction of indoor air temperature (the effect of increased wind 
speed is not taken into account). However, the cooling effect caused by the night ventilation was largely offset by a larger heat 
gain from the direct solar radiation through unshaded windows in the cases of new public and private apartments. 
3.2. Evaluation of thermal comfort using adaptive comfort equation 
Evaluation of thermal comfort in the master bedrooms was carried out by using the adaptive comfort equation, which was 
developed for the use in hot-humid climatic regions [4]. In this equation, the 80% acceptability upper limit of indoor operative 
temperature is a function of the monthly mean outdoor air temperature. The indoor operative temperature was calculated based on 
the equation given in [5]. The measured monthly mean outdoor air temperatures in September and October were 28.0ºC and 28.7ºC 
respectively. Thus, the 80% acceptability limits for thermal comfort were 29.3ºC and 29.7ºC in operative temperature, respectively. 
Fig. 6 presents the evaluation results of the adaptive thermal comfort in the master bedrooms under the night ventilation 
conditions. As shown, the indoor operative temperatures in all the three apartments exceeded the 80% upper limits for the whole 
daytime period. During the peak hours, the deviation of operative temperature from the upper limit was 0.8-2.1ΣC for the old public 
apartment, 9.7-18.6ΣC for the new public apartment and 3.3-7.3ΣC for the private apartment, respectively. The exceeding periods 
during the night ventilation conditions was 50% for the old public apartment, 68% for the new public apartment and 63% for the 
private apartment, respectively.  
Table 1 presents the exceeding periods and deviations for different ventilation conditions in the three apartments. As shown, 
full-day ventilation received relatively shorter exceeding periods in the cases of the old public and new public apartments, while 
night ventilation obtained the shortest exceeding period in the private apartment. It is also found that thermal comfort cannot be 
achieved throughout the day in all the apartments if windows and doors are all closed (i.e., no ventilation condition). These results 
clearly indicate that it is very difficult to achieve thermal comfort particularly in the private apartment by means of natural 
ventilation alone.  
3.3. Air tightness of master bedrooms 
The COЇ concentration was measured in the closed master bedrooms under different open-window/door conditions for the 
adjacent space. Using the eq. (1), the air change rates of the master bedrooms in the three apartment units were calculated as in 
Table 2. As shown, the air change rate was 0.4-0.7 ACH in the private apartment, 1.0-1.7 ACH in the new public apartment, and 
1.9 ACH in the old public apartment, respectively. As expected, the unit of private apartment showed better air tightness compared 
to the other two types of apartments. The air change rates of the master bedrooms were slightly higher when the windows/doors of 
the adjacent rooms were opened. For instance, in the case of new public apartment, the air change rate was measured at 1.7 ACH 
under the opened window/door conditions while that in the closed conditions was 1.0 ACH. As stated in [6], the results from the 
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tracer gas method, particularly in naturally ventilated condition, are affected largely by the average wind speed and the 
indoor/outdoor temperature difference.  
One of the factors influencing the air leakage rate is the size and distribution of leakage paths [7]. As indicated in Table 2, 
aluminium sash was used for the windows in all the apartments, but the old public apartment unit had relatively larger opening 
areas (3.4 m² in total). The old public apartment unit was equipped with the permanent ventilation holes (with opening area of 
about 0.02-0.05 m²) above windows and doors. Furthermore, there were relatively large cracks at joints in doors, windows and 
ceiling in the case of old public apartment. By filling all the cracks and gaps of joints with a special tape in the old public apartment, 
the air change rate was reduced to 0.2 ACH. This indicates that in the current conditions of old public apartment, air-conditioning 
cannot be used efficiently unless air tightness is improved. On the other hand, the results also implied that newly constructed 
middle-class apartments (i.e., private apartments) are designed on the premise of using air-conditioning. 
3.4. Potential passive cooling strategies 
Based on the field measurement results, several potential passive cooling strategies can be suggested particularly for the 
apartments targeting the newly emerging middle-class. First of all, proper external and/or internal shading devices are necessary 
to avoid the direct solar radiation. Building orientation is also one of the important aspects for avoiding the excessive solar incidence 
into the rooms. In addition, external walls should be insulated to reduce the effect of direct solar radiation on the building envelope. 
Appropriate thermal buffer zones (such as a balcony and corridor space) should also be considered. The corridor space should be 
kept at lower air temperature for lowering indoor air temperature through natural ventilation. Night ventilation would be more 
effective in these apartments if the above techniques are properly adopted.  
4. Conclusions
Under the naturally ventilated conditions, the unit in the old public apartment showed better thermal environments compared to
those in the other two apartments. Indoor air temperature in the old public apartment was about 4.2-6.9ºC lower than the 
corresponding outdoor air temperature during the daytime peak hours, while those in the new public and private apartments were 
equal or even higher than the corresponding outdoor air temperatures. It was found that full-day ventilation and/or night ventilation 
showed better cooling effects compared to other ventilation conditions in all the three apartments. The results of thermal comfort 
evaluation using adaptive comfort equation showed that thermal comfort can be achieved over 50-63% of the day only in the old 
public apartment under full-day ventilation and night ventilation conditions. This also clearly indicated that thermal conditions in 
newly constructed apartments, especially those in private apartments, were difficult to achieve thermal comfort without relying on 
air-conditioning. In contrast, the results of the CO2 concentration measurement showed that the master bedroom in the private 
apartment had relatively high air tightness compared to the other two types of apartment. This result also implied that newly 
constructed middle-class apartments are designed on the premise of using air-conditioning. Several potential passive cooling 
strategies were suggested particularly for the apartments targeting the newly emerging middle-class. They include proper external 
and/or internal shading devices, building orientation and thermal insulation for external wall. Design of thermal buffer zones such 
as balcony and corridor was also recommended. Structural cooling through night ventilation is expected to become more effective 
if the above techniques are properly adopted. Nevertheless, it is still uncertain if the indoor thermal comfort can be achieved by 
passive cooling techniques alone due to the hot and humid outdoor conditions. In that case, partial air-conditioning strategy should 
be considered. But still, it is important to reduce the cooling load for the air-conditioned room(s) as much as possible through 
applying passive cooling techniques to the other spaces.  
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